The influences of prior austenitization treatment and state of applied stresses on the evolution of transformation plasticity (TP) strains during isothermal bainitic phase transformation and the resulting microstructures were examined. The key finding is that, upon pre-straining, the amount of TP strain under superimposed elastic stresses is dictated by both the prior austenite grain size (AGS) and the (0.01% offset) yield strength of the supercooled austenite. Furthermore, the superimposition of internal stresses present due to pre-straining and externally applied stresses results in TP strains similar to those obtained when a permanent stress equivalent to the 0.01% offset yield strength of the supercooled austenite is applied. Another important result is that lower TP strains were observed when decreasing the AGS, which is accompanied by an increase in grain boundary area per volume, hindering the growth of preferred variants. Overall, the results clearly lay out the influence of AGS and the particular 0.01% offset yield strength of the supercooled austenite in limiting the TP strains, which has to be incorporated into current models involving bainitic phase transformations.
Introduction
Proper adjustment of temperature-time path during processing of steels provides for a wide range of microstructures and corresponding mechanical properties, and thus, steel is the material of choice for many applications in the automotive, aeronautics and construction industries. The current challenges in the manufacture of this widely utilized material involve lowering the weight and improving the performance. Development of production processes for manufacturing functionally graded work pieces emerges as a method addressing these challenges [1] , where the local properties of the final work piece are well-directed and withstand the local loads during service. For instance, during forging of steel, where high temperature, stress and strain gradients are present, the accompanying inhomogeneous microstructure evolution also offers the possibility to tailor desired microstructures already during processing, such that additional processing and corresponding costs can be avoided.
In order to optimize the local microstructure a deep knowledge of the role of parameters, such as temperature, strain or stress on the phase transformation behavior, the resulting mechanical properties and the dimensional stability, is essential. In particular, the temperature present during the austenitization sequence has a strong influence on the subsequent phase transformation behavior since it dictates the degree of carbide dissolution and the austenite grain size (AGS) [2, 3] . When the AGS is increased commonly an increase in martensite start temperature (M s ) during continuous cooling experiments is observed [4] [5] [6] [7] [8] . In the case of isothermal bainitic transformations, the overall transformation kinetics accelerate when the AGS decreases, which is attributed to the increase in potential nucleation sites stemming from the increased grain boundary area per volume fraction [9, 10] . This is valid when the transformation is characterized by a slow growth rate [11] . However, when the prior AGS is reduced to the size of one bainite platelet the autocatalytic process (e.g. the nucleation and growth from the bainite tip) is no longer possible, leading to a decrease in the slope of the transformation curve [10] .
Residual carbides not dissolved during the prior austenitization treatment constitute another parameter affecting the phase transformation behavior [2, 3, 12] . When residual carbides are present the amount of carbon dissolved in the austenite decreases. Since the amount of carbon in the austenite rather than the average value [2] determines the transformation kinetics, an accelerated transformation is observed [2, 3] .
In forging, the coexistence of high plastic strains and stresses has to be considered since they also affect the phase transformation kinetics and the resulting mechanical properties. It is well known that both pre-strains and elastic stresses superimposed during the phase transformation have an accelerating effect on the isothermal bainitic phase transformation kinetics [3, [13] [14] [15] [16] [17] [18] [19] . In addition, M s and bainite start (B s ) temperatures are higher when the transformation proceeds under an applied external stress [20, 21] . However, when the prestrain level exceeds a certain limit [22] or when the deformation of the stable, carbide-rich austenite occurs at high temperatures [14] , acceleration of the isothermal bainitic transformation is not observed. This is attributed to stabilization of austenite or the relaxation of internal stresses upon cooling in the presence of already numerous potential nucleation sites [14, 22] .
It has been shown that transformation plasticity (TP) strains evolve when the transformation proceeds under a superimposed stress even lower than the yield stress of the supercooled austenite [3, 14, 18, 23] , Similarly, TP strains evolve during pre-straining the supercooled austenite prior to an isothermal bainitic phase transformation [3, 14, 19] or above M s in continuous cooling experiments [13, 24, 25] . In these cases, the evolution of TP strains is attributed to internal stress fields generated during the pre-straining sequence [26] .
However, no TP strains evolve when the difference between the pre-straining temperature T* and M s increases due to annihilation of introduced internal stresses upon cooling to the transformation temperature [13, 14] .
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Two widely accepted mechanisms are utilized to explain the occurrence of TP strains:
by Greenwood-Johnson [27] and by Magee [28] . According to the Magee approach the TP strains stem from the alignment of certain bainitic or martensitic variants along a preferred orientation under internal or external stress fields and their growth at the expense of others owing to the additional mechanical driving force. The Greenwood Johnson approach, on the other hand, considers the evolution of TP strains due to micro deformations of the weaker parent phase. The existing volume difference between the parent and the product phase triggers internal stresses, such that the superimposition of internal and externally applied stresses results in the accommodation of plastic strains in the supercooled austenite. Hence, the product phase grows at the expense of the parent phase along a certain direction, yielding TP strains.
Both mechanisms can coexist and are capable to explain the increase in TP strain with increasing superimposed stress level. However, the pre-dominating mechanism depends on the transformation temperature, the superimposed stress level and the type of transformation [29] [30] [31] . In particular, when the superimposed stress level during an isothermal bainitic transformation exceeds half the 0.2% offset yield strength of the supercooled austenite [32] , the linear relationship between TP strain and superimposed stress level is replaced by a highly non-linear relationship [15, 16, 18, 32] . Microstructure investigations revealed that preferred orientations were visible even for low stresses, indicating the coexistence of plastic accommodation mechanism (Greenwood Johnson approach) and the orientation effect (Magee approach) [16, 18, 33, 34] .
During forging, not only permanent stresses, but also pre-strains and a combination of both are prevalent. In an earlier study focussing on the effect of strains and stresses on the martensitic transformation a significant influence of the pre-deformation temperature T* was found, such that higher TP strains evolved in a combined experiment than a simple addition of TP values separately obtained from single pre-straining and single superimposed stress experiments. However, this was only the case until the difference between T* and M s was smaller than 100 °C, such that the internal stresses introduced during pre-straining were still active at M s [13] . However, such systematic investigations are not available in the case of isothermal bainitic phase transformations establishing the effect of stresses and strains on the phase transformation kinetics and the dimensional stability.
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Figure 1: Summary of parameters influencing the microstructure evolution during forging.
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A thorough experimental investigation presented in the current work was undertaken in order to fulfil this gap, such that the separate and combined effects of stresses and strains on the isothermal bainitic phase transformation kinetics and dimensional stability could be established. Since not only stress states, but also austenitization treatment characteristics significantly influence the phase transformation behavior, TP strains and the resulting mechanical properties [2, 3, 11, 12] , three different austenitization treatments were chosen in this study. Moreover, different temperature-time-deformation paths result in different amounts of TP strains (Figure 1) , which was also considered in the present work, as it is one of the key issues in the manufacturing of functionally graded work pieces.
One of the key findings is that the former AGS and 0.01% offset yield strength of the supercooled austenite are the two decisive parameters determining the maximum TP strains.
When the austenite grain size was increased higher overall TP strains were observed at the same superimposed stress level and following the same amount of pre-straining. In addition, for both austenite grain sizes investigated, the overall TP value saturated upon further increasing the pre-deformation level. Specifically, maximum TP values of approximately 1.8% were found for specimens with AGS of 44 µm, whereas the TP value saturated at 1% for specimens having an AGS of 16 µm. When combining even small pre-deformations and stresses, overall TP values similar to those obtained when superimposing a stress as high as the 0.01% offset yield strength of the supercooled austenite were found. Consequently, the current findings clearly demonstrate that the effect of the prior AGS should be considered as a parameter dictating the evolution of TP, where applied stresses and strains coexist.
Experimental Details
The material studied in this work was a low-alloy 51CrV4 steel with only minor sampleto-sample variations in the chemical composition (Table 1) , which is crucial to allow for comparable and repeatable test results. Thin-walled hollow specimens having an outer diameter of 10 mm and a wall thickness of only 1 mm were precisely machined out of the initial bars to prevent variations in cross sectional area and ensure a uniform electric resistance for heating up the specimens within tens of seconds to temperatures as high as 1200 °C via direct current heating. Thereby, temperature gradients less than +/-6 °C were obtained within the gauge section both during the austenitization sequence and at the subsequent isothermal bainitic transformation temperature. The custom-built test rig utilized a MTS servohydraulic test frame equipped with two extensometers, allowing for measuring axial and diameteral strains throughout the process. Cooling down of samples to the isothermal transformation temperature was achieved by gas quenching through nozzles homogeneously distributed around the specimens.
Several temperature time-paths were investigated in this study in order to shed light on the effect of AGS and residual carbides on the phase transformation kinetics and evolution of TP strains in the presence of internal or external stresses. Specifically, three different austenitization treatments were chosen: (i) the conventional one, typically used for the preparation of Time-Temperature-Transformation (TTT)-diagrams [36] , where austenitization is carried out at 880 °C for 5 min (heated up within 2 minutes), (ii) austenitization at 1050 °C for 10 s, and (iii) austenitization at 1200 °C for 10 s. In (ii) and (iii), the specimens were heated up at a rate of 45 °C/s, and nitrogen gas was used throughout the heating process as a protective environment against oxidation. The temperature was controlled with a closed loop system utilizing a two-color pyrometer with a fast response time. In addition, a thermocouple was mounted inside the thin-walled hollow specimens in order to check the steady state temperatures during austenitization and the isothermal transformation temperature.
Following all austenitization treatments, the specimens were rapidly cooled down to an isothermal temperature of 340 °C and held there for 30 minutes. Since the cooling rate (70 °C/s) was fast enough to avoid any transformation before reaching the isothermal transformation temperature, the specimens completely transformed to bainite. The austenitization treatments at 880 °C for 5 min and at 1050 °C for 10 s resulted in similar AGS of about 16 µm, whereas an AGS of 44 µm was present following an austenitization treatment at 1200 °C for 10 s [3, 13] . However, only the austenitization treatments at 1050 and 1200 °C were suitable to dissolve all residual carbides [3, 13] .
The stress-strain response of the supercooled austenite at various temperatures was determined following austenitization treatments at 1200 °C for 10 s and 880 °C for 5 min. In particular, temperatures of 340, 400, 500, 600 and 700 °C were considered, where the nominal strain rate was 1.0 x 10 -1 s -1 in all cases. This relatively fast strain rate higher than the one recommended for high temperature tensile tests [37] was chosen in order to avoid any transformation during tensile loading. Since both axial (ε a ) and diametral (ε d ) strains were measured throughout the process, the relative volume change (∆V/V), the volume fraction of the new phase (w(t)) and the TP strain with respect to the loading axis (ε TP ) were determinable utilizing the equations given in [3] . Thus, any transformation setting in already during the tensile loading would have been detected, since the transformation is accompanied by a volume change.
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Figure 2: Schematic describing the three different types of experiments considered. Plastic pre-strains and superimposed elastic stresses are designated by σ PH and σ TP , respectively [13, 25] .
In order to investigate the effect of different stress states on the bainitic transformation kinetics and TP strains, which in turn govern the dimensional stability, different types of experiments were conducted, as schematically illustrated in Figure 2 . After reaching the isothermal holding temperature of 340 °C the specimens were plastically deformed and then immediately unloaded, such that the subsequent transformation proceeded without any external stresses (Figure 2a ), or an elastic stress was superimposed throughout the transformation ( Figure 2b ). Pre-strain levels in the range of 1.5 to 11% were chosen, whereas the superimposed elastic stresses ranged from -140 to +140 MPa. In addition, experiments combining pre-straining and the superimposition of stress were performed (Figure 2c) following austenitization treatments at 1200 °C for 10 s and 1050 °C for 10 s. Since the specimens austenitized at 880 °C for 5 min transform rapidly to bainite even in the absence of external stresses or pre-strains [14] , combined experiments following the aforementioned austenitization treatment were not practical to perform in this case.
In 
Results and Discussion
The current study was undertaken in order to determine the influence of several parameters, such as stress state, the prior AGS, or the yield stress of the supercooled austenite, on the evolution of TP strains during an isothermal bainitic phase transformation. In order to decide whether the transformation is stress-or strain-affected when a permanent stress is superimposed throughout the transformation, the determination of the yield strength of the supercooled austenite, and thus, the determination of the stress level required at the particular transformation temperature to trigger plastic strains, is indispensable. As shown in Figure 3 , an almost linear decrease in 0.01 and 0.2% offset yield strengths of the supercooled austenite was observed upon increasing the test temperature, whereas higher offset yield strengths were found at all temperatures when the prior austenitization treatment was conducted at 880 °C for Since the 0.01% offset yield strength of the supercooled austenite at 340 °C following an austenitization at 1200 °C for 10 s was only slightly higher than 150 MPa, the maximum applied stress superimposed during the phase transformation following all prior austenitization treatments was chosen as 140 MPa (Figure 3 ). This guaranteed that no permanent stresses superimposed during the transformation resulted in plastic deformation at the macroscopic level, and thus, only stress assisted transformations were promoted. Figure 4 shows the effect of a superimposed compressive or tensile stress of 140 MPa on the isothermal bainitic phase transformation kinetics at 340 °C for all the considered prior austenitization treatments. Accordingly, the specimens austenitized at 1050 °C for 10 s transform much faster to bainite than those austenitized at 1200 °C for 10 s. In both cases the prior austenitization treatment was sufficient to dissolve all residual carbides, whereas different AGS of 16 µm (1050 °C -10 s) and 44 µm (1200 °C -10 s) are present [3, 13] . The decrease in AGS results in an increase in boundary area per volume fraction, and since the former austenite grain boundaries act as potential nucleation sites for the bainitic transformation [9, 10] , more sites were available upon decreasing the AGS, accelerating overall transformation kinetics [3, 13] . In addition, when residual carbides were present (880 °C/5 min. heat treatment) the transformation accelerated even further, although the AGS was the same as in the case of an austenitization treatment at 1050 °C for 10 s. Due to the residual carbides the amount of carbon dissolved in the austenite was lower than the nominal bulk concentration, reducing the energy needed for the bainitic transformation, accompanied by displacive and diffusive transformation mechanisms. Therefore, a faster transformation was observed following an incomplete austenitization treatment at 880 °C for 5 min. Moreover, following all austenitization treatments, the superimposition of a tensile stress of 140 MPa was more effective in accelerating the isothermal bainitic transformation kinetics at 340 °C than a compressive stress of the same magnitude ( Figure 4) . Similarly, higher M s temperatures are reported when tensile stresses were superimposed instead of compressive stresses [20] .
Generally, the martensitic transformation is accompanied by a displacive transformation mechanism resulting in a shear and a normal strain component, whereas the sign of the normal component is either positive (tensile stresses) or negative (compressive stresses).
Since the shear component is positive for tensile and compressive stresses and much larger than the normal component, usually a positive effect of both tensile and compressive stresses on the onset of martensitic transformation is observed [20] . Given that the bainitic transformation is accompanied by a displacive transformation mechanism, as well, the 14 differences in transformation kinetics while superimposing tensile instead of compressive stresses are reasonable [21, 38] . The acceleration of transformation kinetics upon superimposing elastic stresses during the bainitic transformation could be considered as an advantage, such that larger bainitic volume fractions can be triggered in the same production time. In addition, when plastic prestraining occurs, even faster transformations were observable [3, 39] Especially upon austenitization at 1050 and 1200 °C, the accelerating effect of pre-straining was much more significant than that of the superimposition of elastic stresses throughout the transformation.
Specifically, the pre-straining generates new nucleation sites, speeding up the transformation even further. Since the bainitic transformation already settles in early following an austenitization treatment at 880 °C for 5 min [14] no pronounced differences were evident between pre-straining and superimposing of stresses during the transformation. The incomplete austenitization treatment already provides enough nucleation sites, and hence, the newly introduced ones are less effective in speeding up the process.
It should be noted that the pre-deformations and superimposition of stresses during the transformation result in the evolution of anisotropic axial and diametral strains, and thus, affect the dimensional stability. Figure 5 summarizes the effect of uniaxial tensile and 15 compressive stresses on the evolution of axial strains during an isothermal bainitic transformation at 340 °C. Accordingly, axial strains increase concomitant with increasing stress level, whereas the specimens initially pre-strained to 6% and then transformed under 100 MPa exhibited the highest axial strain values. Similarly, the diametral strains decreased with increasing superimposed stress level, whereas the magnitudes of the axial strains were generally higher than the diametral strains (Figure 5b ). Thus, higher absolute TP strains were observed when the superimposed stresses were tensile rather than compressive (Figure 6 ), regardless of the prior austenitization treatment. The change from linear to non-linear behavior was observed for both tensile and compressive stresses (Figure 6 ), whereas the TP magnitudes were higher for tensile stresses.
This asymmetric behavior has been observed earlier for bainitic and martensitic reactions [15, 40] , and it has been shown that the degree of anisotropy increased upon increasing the carbon amount dissolved in austenite. For the martensitic transformations, this behavior was attributed to a change in martensite morphology upon increasing the carbon content. When the carbon content is low, lath martensite evolves, whereas a plate type of martensite is more pronounced for higher carbon content [15] . Therefore, the orientation effect, i.e. the preferred alignment of martensite plates, seems to be more pronounced for high carbon steels, such that the occurring anisotropy could be attributed to the different variants evolving under tensile or compressive loading conditions [15] . Similarly, for the bainitic transformation of a 100 Cr 6 steel different slopes for tensile and compressive loading conditions were found [29] .
However, when the transformation temperature increases to 400 °C the slope was quite similar for superimposed compressive and tensile stresses [29] . Thus, the slope is not constant but depends on the transformation temperature, the type of transformation and the applied stress state [29] [30] [31] .
The prior austenitization treatment emerges as another parameter dictating the evolution of TP strains under tensile and compressive loading conditions ( Figure 6 ). In several models the linear slope of the TP strain vs. stress curve, the so-called Greenwood-Johnson Parameter (K) is used, which is proportional to the relative volume change and the reciprocal value of the yield strength of the supercooled austenite [27] , such that the equation can be written in a general form
where R p represents the yield strength of the supercooled austenite and ∆V/V stands for the relative volume change. The yield stress of the supercooled austenite is mostly not further specified, whereas in [32] the common 0.2% offset yield strength was explicitly mentioned.
Bearing in mind that the 0.2% offset yield strength of the supercooled austenite following an austenitization treatment at 1200 °C for 10 s is 50 MPa lower at 340 °C than that following an austenitization treatment at 880 °C for 5 min (Figure 3 ), the differences in TP strain vs.
stress curve shown in Figure 6 might be explained with the change in yield strength upon changing the austenitization treatment. However, following austenitization treatments at 1050 °C for 10 s and 880 °C for 5 min, differences in 0.2% yield strength of the supercooled austenite were also prevalent, whereas almost no variation in slope, especially for superimposed compressive stresses, was observed.
Since the AGS is the same following these two austenitization treatments, one might argue that the AGS rather than the 0.2% offset yield strength is the parameter dictating the 18 resulting TP strains. An earlier investigation focusing on the effect of stresses on the dimensional stability during bainitic transformation established quite similar TP vs.
superimposed stress slopes for tool steels with 0.4 wt.-% and 1.0 wt.-% carbon [15] .
Specifically, since the 0.01% offset yield stress of the carbon-rich specimens were almost twice that of the other variant [15] , the TP strains were expected to be half that of the carbonrich steel, based on equation 1, which was not the case. Microstructure investigations revealed that the AGS were almost the same for the both materials [35] , demonstrating that the AGS was the governing parameter. However, since the chosen transformation temperature (335 °C) was only 20 °C above the M s temperature of the tool steel with 0.4 wt.-% carbon but 170 °C above that of the 1.0 wt.-% carbon variant [35] , the particular transformation behavior at the given temperature might also be responsible for the observed behavior. In fact, either lower (100 Cr 6 steel) or higher (20 MnCr 5 steel) TP strains were observed upon increasing the bainitic transformation temperature [29, 41] , and the corresponding TTT-diagrams revealed that the bainitic transformation kinetics were either accelerated (100 Cr 6) or decelerated (20 MnCr 5) with increasing transformation temperature. Thus, there seems to be a direct correlation between the kinetics and the amount of TP at a certain transformation temperature.
In the current study, only experiments at 340 °C are shown, but initial experiments at higher transformation temperatures revealed that the bainitic transformation was accelerated, accompanied by lower TP strains [39] . However, further elaboration is necessary to properly address this issue, which is beyond the scope of the current work. The TP strains also evolved differently depending on the amount of pre-straining of the supercooled austenite applied prior to the onset of the isothermal phase transformation. This behavior is generally attributed to internal stresses generated during the pre-straining sequence [26] . Figure 7 summarizes the TP strains obtained at the end of the transformation depending on the applied pre-strain level and the prior austenitization treatment. Obviously, the TP strain increased with increasing pre-straining level and saturated for pre-strain levels higher than 3% for all austenitization treatments. However, the saturation values were strongly dependent on the prior austenitization treatment, such that TP values of 1.8% were evident following an austenitization at 1200 °C for 10 s, whereas a value of only 1% was recorded following the austenitization treatments at 880 °C for 5 min and 1050 °C for 10 s.
Interestingly, similar TP strains at the end of the transformation were monitored following the two different austenitization treatments which result in the same AGS of 16 µm, which was the case for all pre-strain levels. Thus, the austenite grain boundaries did not only serve as potential nucleation sites for specific variants during bainitic transformation, but also 20 constituted effective obstacles against the autocatalytic behavior in the case of small AGS [10] . When the grain boundary area per volume is reduced upon increasing the AGS, the growth of well aligned bainite plates is hindered to a lesser degree, such that higher TP strains are prevalent. Furthermore, when an elastic stress of 100 MPa was superimposed during transformation on pre-strained specimens, even higher TP strains were obtained. However, an increase in TP strain upon increasing the prior pre-strain level was not evident in these cases, and a saturation value of approximately 3.5% was already reached for small pre-strain levels.
Therefore, a simple addition of TP strains obtained in single experiments, i.e. only prestraining or only superimposed elastic stresses, in order to predict the values for a combined experiment is not feasible. Similar results were obtained in an earlier study, where a very low pre-strain of 0.45% in combination with a superimposed stress of 100 MPa was applied during a bainitic transformation at 335 °C and the recorded TP strain was drastically larger than the expected value obtained by the addition of single experiment results [35] . 
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Since the differences in absolute TP strains are expected to be accompanied by a change in microstructure, EBSD measurements were performed on specimens transformed to bainite under 100 MPa with or without a prior pre-straining of 1.5%. Figure 8a shows a large area scan of a specimen transformed at 340 °C under 100 MPa to bainite following an austenitization treatment at 1200 °C for 10 s. Accordingly, many different variants evolved, such that an almost isotropic texture is present globally along the loading direction (LD), the normal (ND) and the transversal direction (TD), as evidenced by the EBSD (Figure 8b ) and XRD (Figure 8c ) measurement results. An almost random texture was also observed for the specimen transformed under 100 MPa following a pre-straining of 1.5% [39] . Although variant selection might occur when the transformation proceeded under an applied stress, the global texture of the product phase will be close to random if the initial texture of the parent phase is also random, especially for cubic crystal symmetry [42] .
22 A very important observation is that, despite the weak anisotropy on the larger scale, a pronounced local texture is present in both specimens transformed under 100 MPa with or without applied pre-strains, as evidenced by the small area scans in Figure 9 . Specifically, the same analyses were carried out as in Figure 8 , yet with a focus on a much smaller area, in order to monitor the evolution of bainitic variants locally. As a consequence, both specimens feature textures with similar maximum intensities (Figure 9 ), whereas the bainitic microstructures are quite different. When the transformation proceeded under an applied stress of 100 MPa (Figure 9a ) some local variant selection occurred, still, several different variants evolved as compared with the phase transformation that occurred under 100 MPa following 1.5% pre-straining (Figure 9b) .. Had the superimposed stress been large enough, which is not possible due to the onset of plastic deformation in the supercooled austenite, only one favored variant would have been present in one former austenite grain [16] . However, when the specimen was initially pre-strained to 1.5% and then transformed under an applied stress of 100MPa, an almost perfect alignment of only a few variants in one former austenite grain was present. In addition, the bainite plates seem to be slightly finer than those obtained in the experiment where 100 MPa was superimposed only.
It has been previously shown that the thickness of the bainite sheaves increased upon increasing the superimposed elastic stress level, and the accelerated transformation was attributed to the increase in growth rate rather than the increase in nucleation rate [18] . When the superimposed stress level exceeded the yield strength of the supercooled austenite the accelerated transformation was mainly associated with the introduction of new nucleation sites due to the plastic deformation of the supercooled austenite. As a result, finer bainite plates were expected [21, 34] . Further high resolution TEM investigations are necessary in order to clarify this issue, which is, however, beyond the scope of the current work. Figure 10 presents the evolution of TP strain with bainitic volume fraction for different stress states, following an austenitization treatment at 1200 °C for 10 s. At first glance, the behavior of specimens transforming under 100 MPa following a pre-straining of 1.5% or 6.0% seem quite similar. However, distinct differences were observed when the specimens were only pre-strained to 1.5 or 6.0%, and the subsequent transformation was then not affected by any stresses. In this case, TP strains of 1.8% and 1.0% were recorded for prestrain levels of 6.0% and 1.5%, respectively. Since the evolution of TP with bainitic volume fraction for the specimen transformed under 100 MPa falls in-between the two aforementioned curves, it is obvious that a pre-straining of 1.5% features permanent internal stresses less than 100 MPa, whereas a pre-straining of 6% led to internal stresses larger than 100 MPa. Given that the TP strain obtained in a combined experiment is always quite the same, independent of the pre-strain level applied, the stress level present in the specimen seems to reach a saturation value. Earlier results [35] support this observation, such that the maximum TP strain obtained upon pre-straining plus superimposing an elastic stress is also restricted by the particular 0.01% offset yield strength of the supercooled austenite. In fact, in this case a very small pre-27 deformation of only 0.45% (+100 MPa during the transformation) was sufficient to trigger the same TP strain as that recorded when superimposing the 0.01% yield strength of the supercooled austenite. In addition, smaller TP strains were found for reduced AGS. This behavior was attributed to the increase in grain boundary area per volume fraction when decreasing the AGS, hindering the growth of preferred variants [10] . In order to clarify whether the 0.01% offset yield strength of the supercoold austenite is really the maximum stress level in the specimen upon pre-straining and the superimposition of elastic stresses, additional experiments were performed. As shown in Figure 7 the TP strains saturated at approximately 1.8% following an austenitization treatment at 1200 °C for 10 s even for high pre-strain levels. This value corresponds to a permanent superimposed stress level of approximately 120 MPa. Thus, no increase in TP strains was expected for larger pre-strains. Therefore a pre-strain level of 6.0%, where the TP strain saturated during the single experiment ( Figure 7) , was chosen and stresses higher than 100 MPa were considered. Figure 12 shows the evolution of TP strain with bainite volume fraction during combined experiments with 6% pre-strain at superimposed stresses of 100, 140 and 160 MPa, where the last superimposed stress level chosen (160 MPa) was slightly higher than the yield stress of the supercooled austenite. It is clear from Figure 12 that the evolution of TP strain with bainite volume fraction remains nearly the same upon changing the superimposed stress level from 100 to 140 MPa, whereas higher overall TP strains were found when the superimposed stress level slightly exceeded the yield strength of the supercooled austenite. In this case, it is assumed that the additional TP strain stems from creep [32] , and the argument that no stresses higher than the particular 0.01% yield strength of the supercooled austenite can be introduced when pre-strains and the superimposed elastic stresses coexist during the transformation is reasonable. Thus, the maximum possible TP strain recorded in a combined experiment at a given temperature can be simply estimated from only a single experiment where an elastic stress as high as the 0.01% offset yield strength of the supercooled austenite is superimposed during the transformation.
29 Figure 12 : Evolution of TP with bainite volume fraction at 340 °C for different superimposed stress levels following pre-straining the specimens to 6%. All specimens were autenitized at 1200 °C for 10 s.
The current results show that complex production processes, such as forging, where the occurring phase transformations are superimposed by strains and stresses, requires a solid knowledge of how the different parameters such as the AGS, the transformation temperature and the stress state affect the transformation kinetics and the dimensional stability in order to obtain a final product with desired properties. The current work addresses some of the aforementioned parameters, namely the effect of AGS, stresses and strains on the isothermal bainitic phase transformation behavior at 340 °C. The current findings clearly lay out that the TP strains obtained at the end of the transformation strongly depend on the prior AGS.
Moreover, when applied external strains and stresses coexist, the total effective stress level equals the 0.01% offset yield strength of the initial supercooled austenite. As a result, the TP strains observed are similar to those obtained when superimposing a stress as high as the 0.01% offset yield strength of the supercooled austenite throughout the transformation.
Conclusions
The current study focuses on the effect of superimposed stresses, pre-strains, a combination of both, and the austenite grain size (AGS) on the evolution of transformation plasticity (TP) strains. In particular, the evolution of TP strains was investigated during an isothermal bainitic phase transformation in a 51 CrV 4 steel at 340 °C following several austenitization treatments. Several thermo-mechanical experiments were carried out, along with X-ray diffraction (XRD) and electron backscatter diffraction (EBSD) analyses to correlate the macroscopically observed behavior with microstructural evolution. From the results presented herein, the following conclusions can be drawn:
• The 0.2% offset yield strength of the supercooled austenite is strongly dependent on the prior austenitization treatment, such that higher yield strengths were prevalent for smaller AGS at all investigated temperatures. An additional austenitization treatment at 1050 °C for 10 s resulted in the same AGS as the treatment at 880 °C for 5 min, but without any residual carbides. As a result, slightly smaller 0.2% offset yield strengths were evident, indicating that not only the AGS but also the residual carbides affect the particular 0.2% offset yield strength of the supercooled austenite. However, the differences are less pronounced for the 0.01% offset yield strength since the increased hardening behavior in the presence of residual carbides is more effective for higher plastic strain levels.
• The initial AGS strongly influenced the isothermal bainitic phase transformation kinetics at a given temperature, such that the beginning and the ending of the transformation occurred earlier for decreasing AGS. Due to the increase in boundary area per volume upon decreasing the AGS, more potential nucleation sites become available, such that the transformation proceeds faster. In addition, when the transformation takes place in the presence of residual carbides that were not dissolved during the prior austenitization treatment, transformation kinetics accelerate even further, although the AGS was the same. This behavior is attributed to the increase in driving force due to decreasing carbon and chromium contents in the austenite.
• Higher TP strain values were observed at the end of the transformation at a given temperature upon increasing the AGS. The increase in AGS is accompanied by a decrease in boundary area per volume, such that not only less nucleation sites for but also fewer obstacles against the growth of preferred variants under stress are 31 available. As a result, the transformation kinetics slowed down, but higher TP strains evolved during transformation under stress.
• For the specimens austenitized at 1200 or 1050 °C for 10 s, the pre-straining was very effective in speeding up the transformation. Since no residual carbides were present following these austenitization treatments, the driving force was lower and the number of potential nucleation sites were initially small, in comparison to the case of an incomplete austenitization treatment at 880 °C for 5 min. When prestrain occurs, not only internal stresses but also new potential nucleation sites were introduced, such that the transformation settled in earlier. Due to the lack of potential nucleation sites in the absence of plastic straining, the superimposition of elastic stresses could only activate the existing potential nucleation sites, and thus, only a minor acceleration effect was observed.
• TP increased concomitant with increasing pre-strain levels, however, when pre- Thus, the maximum internal stress level during pre-straining is limited, and depends on the particular AGS.
• When the isothermal bainitic phase transformation is accompanied by both prestrains and superimposed stresses, no increase in TP strains was evident upon increasing the pre-strain levels. In fact, even when only small pre-strains were applied prior to the superimposition of 100 MPa, TP strains would be obtained 32 similar to those recorded under a permanent stress in the range of 0.01% offset yield strength of the supercooled austenite. Thus, the combination of pre-straining and the superimposition of an elastic stress higher than 100 MPa results in an overall stress state reaching the 0.01% offset yield strength of the supercooled austenite. Even for larger pre-straining levels (6%) and larger superimposed stress levels (up to 140 MPa) no stresses higher than the 0.01% offset yield strength of the supercooled austenite could be applied. Therefore, the maximum TP strain is limited by both the AGS and the 0.01% offset yield strength of the supercooled austenite in a combined experiment.
